Abstract The response of two root associated bacteria Pseudomonas pseudoalcaligenes and Bacillus pumilus were studied in the (salt-sensitive) rice GJ17 cultivar to salinity under controlled environmental growth conditions for protection of plant from adverse effect of salinity. Salinity affects the growth of salt-sensitive cultivar, but inoculation of plant growth promoting rhizobacteria (PGPR) reduces the harmful effect of salinity. The present study states that PGPR helps to reduce lipid peroxidation and superoxide dismutase activity in salt-sensitive GJ17 cultivar under salinity and play an important role in the growth regulation for positive adaptation of plants to salt stress. This study shows that inoculation of paddy (Oryza sativa) with such bacteria could provide salttolerant ability by reducing the toxicity of reactive oxygen species by reducing plant cell membrane index, cell caspaselike protease activity, and programmed cell death and hence resulted in increase cell viability. As these isolates remain associated with the roots, the effects of tolerance against salinity are observed here. Results also indicate that isolated PGPR strain help in alleviating up to 1.5 % salinity stress as well as improve tolerance.
Introduction
Lack of water in soil is a major factor limiting global crop yield, and thus, understanding of the molecular mechanisms controlling osmotic response has become useful to enhance osmotic tolerance in crop plants (Thapa et al. 2011) . Osmotic stress inhibits plant growth and increases reactive oxygen species (ROS). ROS reacts with proteins, lipids, and DNA and initiates membrane lipid peroxidation (Basu et al. 2010) under osmotic stress. Plants respond to osmotic stress through physiological and biochemical adjustments, such as enhancement of osmolytes and antioxidant systems. The agricultural productivity of rice is decreased by both abiotic and biotic stresses.
In order to allow adjustment of the cellular redox state and to reduce toxic effect of salinity, plants should possess an efficient antioxidant system. Plants are protected against overproduced ROS and oxidative damage by an antioxidative defense system comprising of enzymatic and nonenzymatic antioxidants (Oztürk and Demir 2002) . Such molecule acts as osmoprotectant of the cell membrane and could provide energy for growth and survival under stress conditions (Kavi Kishor et al. 2005) .
Antioxidant enzymes control the biosynthesis and utilization of antioxidant metabolites such as glutathione and superoxide dismutase to detoxify ROS (Miller et al. 2010 ) and intricately regulate antioxidant capacity. ROS are thought to be key inducers of programmed cell death in plants ( De Pinto et al. 2012) , and antioxidants have an important role in this process (Li et al. 2007) . Furthermore, programmed cell death that may be triggered by salt stress-induced oxidative stress in paddy may in part be controlled by caspase-like cysteine endopeptidase activity (Wang et al. 2010) . Caspases belong to proteases of the cysteine endopeptidase (EC 3.4.22) family and are vital for the execution of programmed cell death in plant tissue (Groten et al. 2006) . Cysteine endopeptidase activity is instrumental in the execution of programmed cell death in plants in response to salt stress (Wang et al. 2010) , and in the mesophyll cells exposed to NaCl (Andronis and Roubelakis-Angelakis 2010) . It thus appears that induction of caspase activity by abiotic stresses, including salt stress, may be transduced via ROS production in response to abiotic stresses. Despite this extensive number of reports on the role of antioxidant enzymatic activities in regulating plant responses to abiotic stresses, reports on caspase-like activity as a key regulator of salt stress responses are limited. Induction of antioxidant enzymes by PGPR strain increases the tolerance of lettuce grown under severe salt stress, and could serve as useful tool for alleviating salinity stress in salt-sensitive plants (Kohler et al. 2009 ). In the last decade, there were a number of reports on the beneficial effects of microorganisms such as Pseudomonas, Bacillus, Pantoea, Burkholderia, Rhizobium, etc. which help in enhancing the tolerance of crops such as sunflower, maize, wheat, chickpea, groundnut, spices, and grapes to drought, salinity, heat stress, and chilling injury under controlled conditions (Arshad et al. 2008; Vessey 2003) . Association of plant growth promoting bacteria (PGPR) has been demonstrated for the successful restoration of the mangrove forest, indicating a beneficial close-microbial relationship mutually beneficially to both the host plant as well as the symbiotic organism (Bashan and Holguin 2002) . Several earlier and recent reports demonstrates that the association of PGPR plays an important role towards the adaptation to stress in multiple crops such as Brassica napus (Bertrand et al. 2001) , pepper (Del Amor and CuadraCrespo 2012), and Zea mays (Rojas-Tapias et al. 2012 ). Furthermore, short-term effects of salt stress on paddy biochemical and physiological responses are well documented but the long-term effects of salt stress (which are more reflective of field conditions) on such processes in paddy are rare. It was on this basis that we investigated lipid peroxidation, ROS accumulation, antioxidant enzyme activities, caspase-like enzymatic activities, cell death, and growth responses in rice cultivar to salt stress in the presence of PGPR to establish if any relationship exists between the level of salt stress tolerance and the physiological/biochemical processes due to PGPR studied here.
Materials and methods

Isolation and identification of PGPR
Bacterial strains were isolated from rhizosphere soil and roots of paddy as per our published method (Jha et al. 2011) . The isolates were identified as Pseudomonas pseudoalcaligenes (GenBank Accession Number; EU921258) and Bacillus pumilus (GenBank Accession Number; EU921259).
Plant inoculation and treatment
Certified seeds of rice variety GJ17 (salinity sensitive) were obtained from Main Rice Research Center, Navagam, Anand, Gujarat and were inoculated with PGPR according to our published method (Jha and Subramanian 2012) . The saline condition was maintained at five different salinity levels by adding (5, 10, 15, 20 , and 25 g NaCl L −1 ) saline solution to the pots. The pot having 10 kg soil was planted with five transplants and each having three plants. To avoid osmotic shocks, NaCl concentration was gradually increased for four consecutive days. A plastic bag was put underneath each pot to collect excess water due to drainage. This water was reapplied to the respective pot. All seedlings were grown for 5 weeks without any fertilizer treatment. The experiment was conducted in a greenhouse at 20 to 25°C and relative humidity at 70 to 80 %. Further experiment were conducted only with plants at 1.5 % salinity because plant inoculated with PGPR easily survive up to 1 % salinity as observed in our previous studies (Jha et al. 2011, Jha and Subramnain 2013) .
Measurement of plant length and dry weight
Plants from each treatment after 35 days of sowing the seeds were collected carefully with plant roots. The shoot and root lengths were measured and plant dry weight was determined after oven drying at 70°C until they reached constant weight.
Measurement of membrane stability index
Membrane stability index (MSI) was estimated by the method of Sairam et al. (1997) . Fresh leaves (0.1 g) were taken in 10 cm 3 of double-distilled water in two sets. One set was subjected to 40°C for 30 min and its electrical conductivity was recorded using an electric conductivity meter (C1). Second set was kept in a boiling water bath (100°C) for 10 min and its conductivity was also recorded (C2).
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Measurement of cell viability
Leaves from each treatment were assayed for cell viability as described by Sanevas et al. (2007) . Leaves were stained with 0.25 % (w/v) Evans Blue for 15 min at room temperature and then washed for 30 min in distilled water, followed by extraction of the Evans Blue stain from leaves tissue using 1 % (w/v) SDS after incubation for 1 h at 55°C. Absorbance of the extract was measured at 600 nm to determine the level of Evans Blue taken up by the leaves' tissues. The cell viability assay is based on the uptake of Evans blue by nonviable cells. Ten milligrams per milliliter of Evans Blue Dye is used as standard used to quantify the amount of Evan's blue taken up.
Determination of caspase-like activity Caspase-like activity was assayed on the upcoming third youngest leaves from each treatment at the end of 35 days of salt treatment using the method of María et al. (2011_. Two hundred milligrams of leaf tissue was ground in liquid nitrogen into a fine powder and homogenized in 2 ml of assay buffer containing 100 mM Tris-HCl (pH 7.2), 5 mM MgCI 2 , 2 mM EDTA, 10 % (v/v) glycerol, 10 mM β-mercaptoethanol, and 1 mM phenylmethylsulfonyl fluoride (PMSF). This mixture was centrifuged at 13,000 g for 30 min at 4°C to obtain tissue extract, and 25 μl of the tissue extract was incubated in 70 μl of assay buffer at 37°C for 5 min, followed by addition of 10 μl of 5 mM N-acetyl-Asp-Glu-Val-Asp-p-nitroanilide (Ac-DEVD-pNA) as substrate (dissolved in dimethyl sulfoxide) for caspase-like activity to a final concentration of 0.5 mM. A blank reaction was set up in which Ac-DEVDpNA was substituted with 10 μl of DMSO. These reaction mixtures were incubated at 37°C for 60 min, within which caspase-like activity was followed by measuring absorbance at 405 nm every 20 min during the 60-min incubation period. Caspase-like activity was calculated using the extinction coefficient of 9.6 mM −1 cm −1 for the p-nitroaniline.
Agarose gel analysis of DNA for programmed cell death , final concentration) were run with a 100-bp ladder on a 1 % ethidium bromide agarose gel at a constant 50 V.
Measurement of lipid peroxidation
Lipid peroxidation (reflected by MDA content) was measured by grinding leaf tissue (200 mg) into a fine powder in liquid nitrogen. The tissue was homogenized in 800 μl of cold 5 % (w/v) TCA. The homogenate was centrifuged at 12,000 g for 30 min and further process based on the method of Madhava Rao and Sresty (2000) . The concentration of MDA was calculated using an extinction coefficient of 155 mM cm −1
. All tests were carried out in triplicate.
Enzyme extractions
Two grams of leaves were homogenized with a mortar and pestle in 4 ml of ice-cold 50 mM Tris-acetate buffer pH 6.0, containing 0.1 mM ethylene diamine tetraacetic acid (EDTA), 5 mM cysteine, 2 % (w/v) polyvinylpyrrolidone (PVP), 0.1 mM phenyl methyl sulphonyl fluoride (PMSF), and 0.2 % (v/v) Triton X 100. The homogenate was centrifuged at 12,000 g for 20 min and the supernatant was filtered through Sephadex G-25 column equilibrated with the same buffer used for homogenization. The column elutes were used as an enzyme source for determination of enzyme activity. All operations were performed at 4°C. Protein concentration was determined by taking OD at 595 nm by using bovine serum albumin as a standard.
Estimation of superoxide dismutase activity
Superoxide dismutase (SOD) activity was estimated spectrophotometrically as the inhibition of photochemical reduction of NBT at 560 nm. Three milliliters of reaction mixture contained 33 mM NBT, 10 mM L-methionine, 0.66 mM EDTANa 2 , and 0.0033 mM riboflavin in 0.05 M Naphosphate buffer (pH 7.8) and 0.1 ml enzyme from plant. One unit of SOD is defined as the amount of enzyme that inhibits 50 % NBT photoreduction. Reactions were carried out at 25°C, under light intensity of about 300 μmol ). One unit of APX was defined as micromoles per minute per milligram protein ascorbate oxidized per minute.
Statistical analysis
All experiments described were performed three times independently, with measurements taken from three (for all other measurements) or ten (for dry weight measurements) different plants for each treatment in each of the three independent experiments. One-way analysis of variance (ANOVA) test was used to analyze all data, and mean (of three independent experiments) was compared at 5 % level of significance.
Results
We compared plant's root length, shoot length, and dry weights between the PGPR inoculated and noninoculated paddy GJ17 cultivar under normal and saline conditions. Plant shoot length, root length, dry weight, and membrane stability index were negatively affected by salinity but inoculation with PGPR definitely reduced the adverse affects of salinity in the cultivar as shown in Table 1 . Root length in PGPR-inoculated plants increased by 10-37 % in nonsaline condition and 4.5-18 % under salinity; shoot length increased by 4-13 % in nonsaline condition and 3.4-8.3 % under salinity. PGPRinoculated plants showed 18-57 % increased dry weight in nonsaline and 17-39 % under salinity. Membrane stability index also increased by 2.4-4.8 % in nonsaline and 2.6-7.8 % under salinity compared to respective control.
Plants treated with salt suffered a loss in cell viability, as indicated by an increase in the uptake of Evans Blue (which is indicative of cell death) (Fig. 1) . The loss of cell viability was higher in GJ17 under salinity compared to the corresponding controls. Inoculation with PGPR reduced the loss of cell viability by 1-1.6 times in normal condition and 1.2-1.6 times under stressed condition in the cultivar compared to noninoculated plants. Inoculation with both the PGPR showed highest cell viability compared to individual ones.
Salinity causes generation of ROS that can trigger the activation of caspase-like activity. On this basis, we investigated the level of caspase-like protease activity in paddy cultivar inoculated with PGPR under salinity. Cell caspaselike enzymatic activity increased in response to salt treatment and more in noninoculated plants than in inoculated ones (Fig. 2) . Cell caspase-like protease activity reduced 1.3-1.6 times in normal condition, and under salinity, it reduced from 1.5 to 2.5 times in inoculated plants and similar to cell viability assay inoculation with both the PGPR showing least cell caspase-like protease activity compared to individual ones.
Excessive ROS levels result in oxidative stress, for which lipid peroxidation is one of the biochemical markers. So lipid peroxidation (estimated from MDA content) in the cultivar increased in response to salt treatment. MDA content increased in salt-treated GJ17, whereas decreased in PGPR- inoculated plants compared to the corresponding controls (Fig. 3) . Inoculation with individual PGPR reduced lipid peroxidation by one time while mixture of both the PGPR reduced it by 1.6 times in stressed condition compared to control. Genomic DNA was isolated from leaves of all treatments and separated in agarose gel electrophoresis to analyze programmed cell death in the form of DNA fragmentation (Fig. 4) . Under salinity, extensive DNA fragmentation is detected in both the situations, i.e., under inoculated as well as uninoculated plants, indicating degradation of DNA. Few amounts of fragmentation were observed in the gel due to PGPR inoculation under nonsaline condition. SOD activity increased in GJ17 in response to salt treatment. PGPRinoculated plants showed decrease of SOD activity in the paddy under both conditions compared to the corresponding untreated controls (Fig. 5) .
Accumulation of H 2 O 2 can trigger ascorbate peroxidase (APX) activity in an attempt by the cells to detoxify the H 2 O 2 . We, thus, measured APX activity to establish if the trend of this enzymatic activity observed for SOD would be maintained for APX under the same conditions. The degree of increase in APX activity in plants was more pronounced in GJ17 in response to salt treatment (Fig. 6 ) and showed the same trend as SOD. It reflects proper coordination among the SOD and APX.
Discussion
Cultivation practices, in particular an inadequate irrigation management, have led to growing salinization of soil and groundwater resources (Mahajan and Tuteja 2005) . Salinity affects the crop productivity and yield as salt stress negatively * * * Fig. 3 Effect of inoculation with B. pumilus, P. pseudoalcaligenes alone, and in combination on lipid peroxidation in paddy GJ17 under normal and saline condition (n=5) affects plant growth (Parida and Das 2005) . In the present study, physiological and biochemical changes in paddy cultivars were studied in the presence of PGPR. However, when the plants were inoculated with PGPR, the extent of growth suppression was ameliorated and the treated plants showed greater growth response and dry weight than noninoculated control plants; this is supported by Han and Lee (2005) and Kohler et al. (2009) .
Salinity produces oxidative stress by means of enhanced occurrence of reactive oxygen species (ROS) and also results in high H 2 O 2 concentration (Zhu et al. 2007) , acting both as the damaging toxic molecule and beneficial signal transduction molecule (Miller et al. 2010) . In this study, salinity causes excessive levels of ROS which cause membrane damage, a major parameter to estimate the level of destruction under saline stress. A decrease in MSI reflects the extent of lipid peroxidation caused by ROS (Sairam and Srivastava 2001) . In this study, salinity causes decrease in MSI, whereas inoculation of plants with PGPR results in increase in MSI in both conditions, i.e., normal and saline. Membrane stability is a widely used criterion to assess crop drought tolerance, since water stress caused water loss from plant tissues which seriously impairs both membrane structure and function (Buchanan et al. 2000) . ROS cause oxidation of cellular macromolecules like lipids, nucleic acids, and proteins and can trigger activation of caspase-like activity (Wang et al. 2010) . In this study, cell caspase-like activity has been observed under salinity conditions. Whether inoculation with PGPR decreased such activity in paddy under normal as well as stressed condition has not been reported till date.
ROS also act as signaling molecules that cause programmed cell death (PCD) in stress response (Mittler 2002) . There are numerous examples of ROS being involved in the modulation of biological responses, including hormone signaling involving growth and development, the cell cycle, stress, and defense responses as well as PCD (Fortes et al. 2011) . Such a dual function of ROS requires precise and efficient control over ROS production and scavenging (Mittler et al. 2011) . Since the trend seen for cell death corresponded well with the trend observed for caspase-like activity across the treatments described here, it is likely that excessive H 2 O 2 accumulation and ensuing macromolecular peroxidation resulting from salt stress triggers caspase-like activity that elicits a PCD pathway, leading to the observed loss in biomass. Determination of PCD-specific events like DNA fragmentation was also reported by Keyster et al. (2012) . The observed increase in cell death in response to salt stress in the paddy cultivar due to caspase-like endopeptidase enzymatic activity results in programmed cell death. Wang et al. (2010) also reported the involvement of programmed cell death in plant responses to salt stress. This finding is very much interesting and study is in progress to find the possible mechanism for PGPR action under salinity.
MDA is a common and important index for evaluating the redox status of paddy. The lower the MDA content, the higher the antioxidative ability, as shown by Shao et al. (2005) . Peroxidation can also greatly alter the physicochemical properties of membrane lipid bilayers, resulting in severe cellular dysfunction and biosynthesis of MDA. A previous study have reported higher activities of antioxidant enzymes and lower levels of lipid peroxidation in tolerant rice cultivar under salt stress (Dionisiosese and Tobita 1998) . In this study, enhanced peroxidation was observed under salinity, but inoculation of PGPR decreased the peroxidation, thus protecting the cell from membrane destruction. The results suggested that inoculation with isolated PGPR strain to salt-stressed paddy could help to alleviate salinity stress and improve tolerance by reducing caspase-like endopeptidase enzymatic activity, decreasing lipid peroxidation, programmed cell death, and also regulating antioxidant enzymatic activity.
In order to allow adjustment of the cellular redox state and to reduce toxic effects of salinity, plant antioxidant system has to be activated as a possible mechanism in paddy. Accumulation of O 2 -can be countered by triggering SOD and APX activity to bring it to basal levels; the result of which is the production of H 2 O 2 (Foyer and Noctor 2005) . APX has higher affinity for H 2 O 2 than CAT and POD, thus it may have more essential role in management of ROS during stress condition (Gill and Tuteja 2010) . In this study, the PGPRinoculated paddy showed decline in SOD and APX activities suggesting a lesser O 2 -scavenging and dismutating capacity in the GJ17 cultivar and signifies a possible involvement of the two enzymes in salt tolerance, which are in accordance with Dureja (2003) . Our results establish a direct relationship that exists between salt stress-induced oxidative damage and cell deathinducing caspase-like activity in salt-sensitive GJ17 cultivar, and the efficiency of the PGPR to regulate the plant antioxidant enzymes and thus limiting cell death-inducing caspaselike activity.
